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Summary: Pancreatic cancer is the fifth leading cause of 
cancer death in the United States, Most patients have obvi- 
ous metastases or locally advanced disease at the time of 
presentation. Surgical resection does not significantly 
change the clinical outcome. Combination chemotherapy 
induces a partial response but overall survival remains low. 
The aim of this study was to evaluate the feasibility of 
adenovirus- me dialed suicide gene transduction as a thera- 
peutic approach for pancreatic cancer. A ceil line was estab- 
lished from a murine pancreatic ductal adenocarcinoma 
and intrahepatic tumors were generated by inoculation of 
pancreatic cancer cells into the left lateral liver lobe. Trans- 
duction efficiency was characterized in vitro and in vivo. 
Intrahepatic tumors were treated by intratumoral adenovi- 
rus injection in combination with intraperitoneal adminis- 
tration of ganciclovir. Adenovirus -mediated herpes sim- 



Pancreatic adenocarcinoma is the fifth leading 
cause of cancer death in the United States, with 
27,000 new cases and 25,000 cancer-related deaths 
per year in the United States (1). At the time of 
diagnosis patients with this relentlessly progressive 
and fatal disease usually have locally advanced or 
metastatic disease (2). The most frequent sites of 
metastases are the lymph nodes (50-70%), liver 
(50%), lungs (20%), and peritoneum (25%) (3). Over- 
all 5-year survival is <\% and reflects the advanced 
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plex virus (HSV)-thymidine kinase (tk) gene expression 
followed by ganciclovir treatment was highly efficient in 
inhibiting pancreatic cancer cell proliferation in vitrd. The 
proliferation of nontransduced cells was significantly re- 
duced in the presence of HSV-tk expressing cells. Intrahe- 
patic inoculation of pancreatic cancer cells leads to success- 
ful formation of solid adenocarcinomas in syngeneic 
recipients. Ad.RSV-tk injection of the tumor followed by 
intraperitoneal ganciclovir application caused highly sig- 
nificant tumor volume reduction and necrosis. These riesults 
indicate that transduction of the HSV-tk gene folloWed by 
ganciclovir is highly efficient for growth inhibition of 
hepatic metastases of pancreatic carcinoma. Key Words: 
Pancreatic cancer — Hepatic metastasis — Adenovirus — 
Thymidine kinase — Suicide gene therapy — Mice. 



stage of disease at first presentation and lack of effec- 
tive therapy. According to a survey of ~ 1 ,300 patients 
with pancreatic cancer presenting to the Mayo 0inic 
during a 2-year period, only 13% were able to un- 
dergo a resection for cure (4). Single-agent ch;emo- 
therapy does not significantly improve survival for 
patients with nonresectable tumors (5) and thejcom- 
binationof 5-fluorouracii t doxorubicin (Adriamycin), 
and mitomycin (Mitomycin C) does not significantly 
improve long-term survival over 5-duorouracil alone 
(6). Several studies using cis-platin, epirubicinl and 
ifosfamide have not provided a significant improve* 
ment in long-term survival either. Radiation therapy 
provides effective palliation in the instances of severe 
retroperitoneal pain due to metastasis, but thisither- 
apy is not curative. Considering the very limited op- 
lions in current treatment regimens of pancreatk? can- 
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cer, the development of new treatment modalities, 
possibly in combination with current modalities, is 
of major importance. 

Recent progress in vector development has made 
gene therapy a promising approach to cancer therapy. 
Transduced genes may be used to enhance tumor 
immunogenicity and the antitumors! immune re- 
sponse, to block activated oncogene expression, to 
express tumor suppressor genes, to protect normal 
stem cells from high-dose chemotherapy, or to intro- 
duce "suicide" genes into tumor cells (7). Suicide 
genes endow transduced tumor cells with enzymatic 
activities that allow the tumor celts to metabolize 
non- or minimally toxic prodrugs into highly toxic 
substrates that result in tumor cell killing (8-11 ). The 
most widely used suicide gene approach utilizes the 
herpes simplex virus-thymidine kinase (HSV-tk) to 
convert the prodrug ganciclovir (GCV) into its toxic 
phosphate. The phosphorylated compound is incor- 
porated into newly synthesized DNA and induces 
chain termination, thereby selectively killing dividing 
cells (12). Cytotoxic sensitivity to nucleoside ana- 
logues by the introduction of HSV-tk has been dem- 
onstrated in different tumor cell lines (13-19). Direct 
transduction of every cell is not a prerequisite of 
HSV-tk-mediated cell killing. Described as the "by- 
stander effect/ 1 transduced tumor cells can transfer 
the toxic metabolites to neighboring untransduced 
cells via gap junctions, resulting in the killing of the 
entire tumor population (2021). 

Initial approaches using HSV-tk utilized retroviral 
vector systems, which also harbor the neomycin resis- 
tance gene (22,23), for ex vivo transduction and inoc- 
ulation of tumor cells into the host after selection in 
G418 medium. Transduction efficiency can be dra- 
matically enhanced using adenoviruses for transduc- 
tion in vivo. In the present study we have evaluated 
the potential of suicide gene therapy for pancreatic 
cancer. Transduction efficiency and suicide gene- 
mediated GCV sensitivity have been established in 
vitro. We have developed a murine, intrahepatic tu- 
mor model, simulating pancreatic cancer metastasis, 
fntratumoral injection of replication-deficient adeno- 
virus expressing HSV-tk fallowed by GCV adminis- 
tration induces tumor necrosis and a highly significant 
tumor volume reduction. 

MATERIALS AND METHODS 

Recombinant adenoviruses 

A replication-deficient adenovirus, expressing the 
HSVType I-tk gene under the transcriptional control 
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of the Rous sarcoma virus (RSV) long terrrjinal re- 
peat promoter, Ad;RSV-tk T was prepared! as de- 
scribed previously (13). Recombinant adenovirus was 
amplified from a single plaque after coprecijpitation 
of the piasmids pBHGlO and pAd.RSV-tld in 293 
cells and purified using discontinuous cesium gradient 
ultracentrifugation. The titer of infectious particles 
was determined as plaque forming units (p.f.uj.) utiliz- 
ing a plaque assay in 293 cells. The replication- 
deficient adenovirus, expressing £-galactosid&se (24) 
under the control of RSV long terminal repeat pro- 
moter (Ad.RSV-tfGal), as well as the replication- 
deficient control virus Ad.DL312, containing an 
empty expression cassette, was prepared \ as de- 
scribed. 

Pancreatic cancer cell line 

The murine pancreatic cancer PANC02 w^s estab- 
lished in 1984 in female C57BL6 mice as described 
previously (25). After 3-methytcholantrene induction 
a ductal pancreatic adenocarcinoma was isolated and 
subcutaneously passaged in the syngeneic heist (25). 
Subcutaneous tumor tissue was received from the 
National Cancer Institute, Developmental Therapeu- 
tics Program, Code C5702/A/67, and a pancreatic 
cancer cell line, required for intrahepatic tumor celt 
inoculation, was isolated by repeated selective 
trypsination to eradicate fibroblast contamination. 
This PANC02 cell line was maintained in ijninimal 
essential medium (MEM) cell culture mediujm, sup- 
plemented with 20% fetal calf serum , 2 mAjf gluta- 
mine, 100 U/ml penicillin, and 100 ftg/ml streptomy- 
cin. Cells were passaged by brief trypsination with 
0.025% trypsin. Cell culture reagents were obtained 
from GIBCO. 

Transduction in vitro 

We evaluated the transduction efficiency! of the 
recombinant adenovirus in PANC02 ceils in vitro 
using the replication-deficient adenovirus Ajd.RSV- 
jSGal, a gift from M. Penicaudet, expressing tihe bac- 
terial /3-galactosidase gene. The backbone ahd pro- 
moter are similar to the adenoviral vector Ad.- 
RSV-tk. 

One hundred thousand cells in 2 ml of complete 
medium were seeded in six-well tissue culture plates 
and incubated at 37°C and 5% CO2 for 6 ij. After 
washing with phosphate-buffered saline (P^S) the 
pancreatic cancer cells were incubated with AjlRSV- 
jSGai at different multiplicities of infection (im.o.L)» 
ranging from 0 to 3,000, in duplicate in senun-free 
medium. The adenovirus-containing mediums was re- 
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placed by growth medium after 1 h of incubation at 
37*C Forty-eight hours later cells were washed twice 
with ice-cold PBS and fixed with PBS containing 0,5% 
glutaraidehyde. 0-Galactosidase activity was deter- 
mined by adding 2 ml of staining solution containing 
1.3 mM MgCI 2 « 3 mM NaCl 2 , 3 mM potassium ferricy- 
anide, 3 mM potassium ferrocyanide, 0.5 mg/ml 5- 
bromo-4-chlor-3-indolyl-j3-galactoside (X-gal), and 
44 mM HEPES, pH 7.3. After transduction, £-galac- 
tosidase activity occurs in the nucleus, due to a nu- 
clear translocation signal, and transduction efficiency 
was quantified by counting the percentage of trans- 
duced cells identified by X-gal nuclear staining (24). 
ED W and ED 95 describe the m.o.i. of Ad.RSV-/9Gal 
required for 50 and 95% visible transgene expression 
according to this protocol. 

Ad*RSV*tk transduction and tk-mcdiated GCV 
toxicity in vitro 

GCV toxicity of adenovirus vector-mediated HSV 
tk-transduced pancreatic cancer cells was determined 
utilizing a 3-(4 1 5-dimethylthiazol-2-yl)-2^-diphenyI- 
tetrazotium bromide (MTT) proliferation assay (26- 
28). Seventy-five microliters of a PANC02 cell sus- 
pension in growth medium containing 2 x 10 4 cells 
per ml was seeded into 96-well plates and incubated 
in complete medium. After 6 h of incubation, Ad.- 
RSV-tk was added to the cells at different m.o.L in 
a volume of 56 of serum-free medium. Twelve 
hours later medium was supplemented with GCV 
(10 Mg/ml medium) or PBS and cells were incubated 
for an additional 48 h. Proliferation was determined 
by adding MTT, prepared as a 5 mg/ml stock solution 
in PBS and diluted 1:5 with high-glucose Dulbecco's 
modified Eagle medium (MEM) prior to use. After 
adding 37.5 fxl %-well plates were further incubated 
at 37°C for 4 h. Medium was removed and the colored 
formazan product, transformed by enzymes active 
only in living cells, was quantified using a microtiter 
plate reader at 595 nm after dissolving in 150 jul of 
dimethyl sulfoxide. 

Bystander effect of RSV-tk- media ted tumor cell 
killing in vitro 

To demonstrate the effect of transduced tumor 
cells on the proliferation of neighboring, nontrans- 
duced tumor cells, PANC02 cells were transduced 
with Ad.RSV-tk at an m.o.L of 400 f or 1 h and, af- 
ter repeated washing, mixed with nontransduced 
PANC02 cells at different ratios. Cells were then 
seeded in 96-well plates at the high density of 5 X 10 4 
cells per ml to ensure the formation of gap junctions 



between transduced and nontransduced cells. Twelve 
hours after seeding 75 fil of the cell suspensioiji per 
well, GCV (10 ^g/ml), or PBS in 55 jxl of high-glijcose 
Dulbecco's MEM was added. Forty-eight hours jlater 
MTT was added, and cell proliferation detemjined 
as described above. 

i 

Establishment of a hepatic metastasis model : 
in vivo 

After passaging PANCD2 cells in cell culture and 
setting up a cell line for subsequent hepatic injection, 
cells were inoculated after nine passages subcutane- 
ously in syngeneic 10- to 12-week-old female C57BL6 
mice for comparison with the original subcutaneous 
tumor tissue. No difference was found in the histolog- 
ical characterization and tumorigenicity. To establish 
a hepatic metastasis model for pancreatic cancer in 
syngeneic mice, PANC02 cells were resuspended in 
Earle's balanced salt solution (EBSS) after trypjsina- 
tion. Female C57BL6 mice were anesthetized 'using 
10 mg of 2,2,2-tribromoethanol (Avertin) intrap^rito- 
neally and laparotomy was performed by uppef me- 
dian incision. The left lateral liver lobe was exposed, 
and 10 5 cells in a volume of 10 pi of EBSS slowly 
inoculated into the tip of the left lateral liverjlobe 
using a 100-jal Hamilton syringe and a 30-gauge: nee- 
dle, Lesions were sealed using an electric coagijlator 
lo avoid tumor cell leakage into the abdomen.; 

Adenoviral transduction in vivo 

Intrahepatic tumors were generated as described. 
Thirteen days after tumor cell inoculation intrahe- 
patic tumors were injected with 10* p.f.u. of A&fcSV- 
jSGai in 70 jA of buffer containing 10 mM jTris, 
1 mM MgClj, 20 /ig/ml polybrene, and 10% (vol/vol) 
glycerol, pH 7.4, following anesthesia with Avjertin 
according to the treatment procedures. Forty-bight 
hours after adenovirus administration animals jwere 
sacrificed and livers fixated for 2 h in PBS, pH 7.3, 
containing 1% formaldehyde and 0.2% glutarialde- 
hyde. Tissues were thoroughly washed in PBS and 
incubated in a PBS solution containing 5 mM K- 
fenicyanide, 5 mM K-ferrocyanide, 2 mM magne- 
sium chloride, and 1 mg/ml X-gal for 1-5 h at 37°C. 
Stained tissues were washed in PBS. 

Gene therapy for hepatic metastasis of 
pancreatic cancer 

Thirteen days after tumor cell inoculation \ mice 
were anesthesized and the intrah patic tumoi?s ex- 
posed performing a second laparotomy. Tumors av- 
eraging 4-5 mm in diameter were then injected with 
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various doses of Ad.RSV-tk or the control virus 
Ad.DL312, diluted in 70 /d of buffer containing 
10 mM Tris, 1 mM MgC1 2 , 20 jtxg/ml polybrene, and 
10% (vol/vol) glycerol, pH 7.4, using a Hamilton 
100-^tl syringe and 30-gauge needle. To avoid virus 
leakage, lesions were also sealed using a pinpoint 
electric coagulator. GCV was dissolved in PBS with- 
out calcium and magnesium and injected intraperilo- 
neaUy at dosages of 10 mg per kg body weight, twice 
daily for 6 days. Mice were euthanized at day 26 after 
tumor cell inoculation by intraperitoneal injection of 
25 mg of Avertin or maintained for long-term survival 
analysis. Tumor volumes were calculated by the for- 
mula of rotational ellipsoids after measurement of 
two diameters (29). Means and upper and lower er- 
rors were calculated according to the natural logs of 
the determined tumor volumes considering a nonnor- 
mal tumor volume distribution. 

Histopalhology and morphometry analysis 

Livers were removed and preserved in PBS con- 
taining 10% formaldehyde. After hematoxylin-eosin 
staining, computerized morphometric analysis of the 
largest cross section using the point counting method 
with a computer-assisted digitizing system (Bio- 
quant) was performed and at least 1,600 points per 
cross section were evaluated. The total area of viable 
tumor cells among the different groups was compared 
by analysis of variance (ANOVA). 



All animal experiments conducted in thjs study 
were performed according to the National Institutes 
of Health guidelines for the use and care of] labora- 
tory animals. 

RESULTS 

In vitro gene transduction 

The murine, transplantable tumor PAN(jX)2 was 
used to establish pancreatic cancer cell lines for in 
vitro characterization and intrahepatic tumor cell in- 
oculation. X-gal staining after adenoviral transduc- 
tion with Ad.RSV-/3Gal demonstrated an intjense in- 
tranuclear staining that was dependent on tlje m.o.i. 
used to transduce PANC02 cells in vitro (jFig. 1). 
Fifty percent of the cell population was visibly trans- 
duced at an m.o.i. of 83 and >95% was transduced 
at an m.o.i. 5:480 (Fig. 2). 

Toxicity of GCV was shown after in vitro transduc- 
tion of PANC02 cells with the adenovirus Ajd.RSV- 
tk expressing HSV-tk. Whereas cytopathic effects at 
an m.o.i. >3,000 resulted in 100% proliferation inhibi- 
tion independent of GCV, presumably due tq adeno- 
viral toxicity, at a lower m.o.i. the presence pf GCV 
significantly enhanced toxicity, with cytopathic ef- 
fects at an m.o.i. as low as 3 for 50% proliferation 
inhibition (Fig. 3). At an nro.i.of 30, cell proliferation 
was reduced to 10% in the presence of GCV, com- 
pared to only a minor growth inhibition injthe ab- 
sence of GCV. 



A-D 




FIG. 1. In vitro transduction of PANCQ2 cells with Ad.RSV-/SGaL After infection of PANC02 cells with various m.o.i. of Ad\RSV£Gal, 
cells were stained with X-gal 4« h later. A: m.o.i. - 3; B: m.o.i. = 30; C; m.o.i. = 300; D: m.o.i. » 3,000. Original magnification. 40 x. 
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FIG, 2, Adenoviral transduction efficiency in PAMO02 using 
Ad. RSV*j9Gal. At an m.cU. of 83, 50% of the cells stain blue, and at 
tin m.o.i, of 480, 95% of the cells have visible transgene expression. 



Bystander effect of tk-mediated GCV toxicity 
toward PANC02 

The bystander effect on the inhibition of prolifera- 
tion due to tic-mediated toxifkation of GCV was dem- 
onstrated in vitro by mixing transduced and nontrans- 
duced PANC02 cells at various ratios, following 
incubation in the presence of GCV. In contrast to 
the previous experiment, the supernatant containing 
the adenovirus Ad.RSV-tk was removed after 1 h of 
incubation and cells were washed thoroughly to avoid 
viral contamination when mixing with nontransduced 
cells, When mixed with nontransduced cells at a ratio 
of 1:2 (50% transduced cells), proliferation remained 
low, at 25% (Fig. 4). At a ratio of 1:10 (10% trans- 
duced cells) proliferation was 55% of controls, which 
was significantly lower than the assumed proliferation 
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PIG. X In vitro determination of GCV toxicity against PANC02 
cancer cell*, transduced with different m.o.i- of Ad.RSV-tk in 
the absence (•) or presence (■) of GCV at a concentration of 
10: jig/ml. Celt proliferation was quantified 48 h later by MTT 
staining and compared to that of nontransduced cells (100%). 
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FIG. 4. In vitro demonstration of the bystander effect in PANC02 
cancer cells. PANC02 cells were transduced with Ad.RSV-tk at 
an m.o.i. of 400 for 1 h, trypsinased* washed twice, and mixed with 
nontransduced cells at different ratios. After 12 h of incubation. 



GCV at a concentration of 10 ^g/ml was added, and 4$ 



h later 



ceil proliferation was determined using the MTT assay- (■) Actual 
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of 92.5% negotiating the inhibition of proliferation 
by neighboring transduced cells. The additionaj pro- 
liferation inhibition, described as the "bystand;er ef- 
fect/' could be demonstrated for as few as 5% irans- 
duced cells. To estimate the degree of adenoviral 
contamination, the titer of Ad.RSV-tk in the suspen- 
sion of transduced cells was determined using ;a 293 
ceil-based plaque assay. With 50% transduced ceils 
being used, adenoviral contamination was <CL01 
m.o.i., and with 10% transduced cells adenoviral con- 
tamination was <0.002 m.o.i. 

Tumor model for liver metastasis of 
pancreatic cancer 

Tumorigenicity of the PANC02 cell line was! dem- 
onstrated by subcutaneous inoculation of various 
amounts of cancer cells and observation of subcuta- 
neous tumor growth in the syngeneic host, 10- fo 12- 
week-old female C57BL6 mice (Fig. 5). Inoculation 
of 1 X 10 5 cells generated tumors at a frequency of 
1009b (n = 5). Tumor growth was dose dependent of 
the number of cells injected. The histology of jthese 
subcutaneous tumors was then compared with the 
original tumor tissue obtained from the National 
Cancer Institute. They were indistinguishable in dif- 
ferentiation, necrosis, fibrotic reaction, and inflam- 
mation. Intrahepatic inoculation of PANC02 cejils re- 
sulted in 80% tumor formation when 5 X 101 cells 
(n = 5) were inoculated and 100% tumor formation 
when 1 X 10 5 cells (n = 9) were inoculated. After 13 
days mice developed intrahepatic tumors with tumor 
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FIG. 5, Tumorigenicity of PANC02. Growth characteristics of 
PANC02 eclh after subcutaneous inoculation of 5 x 10* (■) or 
1 X 10 5 (•) culls in the syngeneic host was determined by measur- 
ing outside lumor diameters and calculating the tumor volume as 
described (29). 

diameters ranging from 2.0 x 2.0 to 6.5 x 8.0 mm. 
The mice with tumors 4.0 X 5.0 to 5.0 x 5.5 mm were 
suitable for intxatirrrioral adenovirus administration. 
Untreated mice died at 32 to 45 days, with an average 
of 34 days, after tumor cell inoculation (n - 23). 
Necropsy revealed multiple lung metastasis as the 
most probable cause of death. 

Adenoviral transduction in vivo 

According to the treatment conditions, 10* p.f.u. 
of Ad.RSV-0Gal in a volume of 70 fti was injected 
in preformed hepatic tumors measuring 4-5 mm in 
diameter. Staining of the hepatic tissue containing the 
pancreatic tumor 48 h after adenoviral transduction 
showed high /3-galactosidase activity in the tumor 
after 1 h of incubation <Fig. 6). Further incubation 
for 24 h showed weak diffuse staining of the entire 
liver in adenovi rally transduced as well as non trans- 
duced animals, demonstrating endogenous hepatic 
j3-galactosidase activity. This finding illustrates the 
feasibility of localized intratumoral gene transduction 
and expression after injection of adenoviruses. 

Suicide gene-mediated tumor regression in vivo 

An Ad,RSV-tk dose escalation study was designed 
to determine the appropriate dose of adenovirus with 
optimal tumor killing associated with a minimal hepa- 
totoxicity. Different doses of Ad.RSV-tk; ranging 
from 3 X 10 7 to 2 X 10 9 p.f.u., were injected into 
established intrahepatic tumors. At doses of ^3 X 
10* p.f.u„ 75-100% of animals died during treatment. 
Histology revealed severe inflammation of the liver. 
At doses of ^1 X 10* p.f.u., all animals survived 
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FIG, 6. Transduction efficiency of hepatic metastasis ojf pancre- 
atic cancer using the adenovirus Ad.RSV-/JGal, Established tu- 
mors were injected with 10* p.f.u. of Ad.RSV-£Gal, and £8 h later 
tissues were stained with X-gal. The turnoT located iri the left 
lateral tip of the liver shows intense blue staining afufT 1 h of 
incubation in X-gal staining solution. 

j 

the treatment procedure and histologic observation 
revealed only minimal periportal inflammation. All 
further experiments were performed using this viral 
dose of 1 X 10* p.f.u.. Established intrahepatfejtumors 
were injected with (group 1) Ad.RSV-tk at \¥ pi. u. 
(n = 16), (group 2) the replication-deficient 'control 
virus Ad.DL312 at 10* p.f.u. (n = 5), or (gijoup 3) 
PBS (n - 5). Eight mice in group 1 received: 10 mg 
of GCV i.p. twice per day over the next 6 days|(group 
1 A); the other eight mice received PBS with th|e same 
schedule (group IB). AH mice in group 2 received 
GCV i.p. twice per day over the next 6 days land all 
mice in group 3 received PBS. The mice in each 
group appeared to be in good health over the entire 
treatment period and were sacrificed at dayj 26 for 
macroscopic and histologic analysis of tumor regres- 
sion. As shown in Figs. 5 and 6, mice in gjroup 3 
had large hepatic adenocarcinomas with moderate 
differentiation, minimal inflammation, and rr)tnimal 
focal necrosis. Control group IB showed virtually 
no difference in tumor size or necrosis compared to 
group 3. Mice injected with the control adenovirus 
Ad.DL312 and GCV showed a slight, although not 
significant reduction in tumor volume compared to 
the PBS control group. Mice in treatment grojup 1A, 
receiving Ad.RSV-tk and GCV, showed a dijamatic 
reduction in tumor volume (Figs. 7 and 8)' (p ^ 
0.0001) compared to the PBS control group.! Histo- 
logic study of intrahepatic carcinomas treated with 
Ad.RSV-tk and GCV showed large necrotic arj^as. At 
the border with the hepatic parenchyma, infiltrating 
viable tumor cells were surrounded by an intense 
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FIG* 7. Macroscopic evaluation of hepatic metastasis of pancreatic cancer after different treatment condition*. Established tumoijs were 
infected with either Ad.RSV-tk, Ad.DL312, or PBS and mice subsequently treated with CCV or PBS i.p. for the following 6 days. All 



!*1«%trTs^ in"thc treatment group Ad.RSV-tk + ganciclovir show a dramatic reduction in tumor ^olume 

over all other control groups. 
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FIG. 8. Tumor regression of hepatic metastasis of pancreatic 
cancer. Differences in tumor volumes: AdTK + GCV versus 
AdDL + GCV. p < 0.0005; AdTK + GCV versus AdTK + PBS, 
p < 0.0001; AdTK + GCV versus PBS.p < O.OOOt. No significant 
difference between control groups: PBS versus AdTK + PBS. 
p = 0.87; PBS versus AdDL + GCV, P = 0.0884. 



inflammatory reaction with neutrophilic and lympho- 
cytic infiltration (Fig. 9). Tumors injected with the 
control adenovirus Ad.DL312 followed by treatment 
with GCV exhibited moderate differentiation knd a 
high mitotic rate with minimal neutrophilic indura- 
tion, focal necrosis, moderate fibrotic reaction;, and 
many tumor cells infiltrating the surrounding hepatic 
tissue. Computerized morphometric analysts j con- 
firmed but did not further enhance the significant 
difference of tumor volumes in the tk-GCV £roup 
versus controls because these tumor cells gerierate 
an inflammatory and strong desrnoplastic reaction 
(Fig. 9) and those remain, even when the treatment 
has successfully reduced the total tumor volurAe, 

DISCUSSION 

Due to the late development of clinical sympjtoms, 
pancreatic carcinoma is usually diagnosed at a late 
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FIG, 9. Hematoxylin-eosin staining of hepatic metastasis of pancreatic cancer after treatment with A&.DL312 and GCV (A, B) or 
Ad.R$V-tlt and GCV (C, D) at 25 x to demonstrate tumor regression and necrosis. A 200* magnification shows the intense inflammatory 
infiltrate at the junction of the carcinoma and the liver (left side) in the TK + GCV treatment-only group. Lesser degrees of inflammation 
were found in the controls. The mitotic activity (frequency of mitotic cell figures) among the adenocarcinoma cells is very higJ) in the 
control groups compared to the TK + GCV group. ; 



stage, with tumor infiltration of neighboring organs 
or metastasis. Therapeutic options are Limited and 
life expectancy remains dismal. Therefore it is of 
major importance to develop new therapeutic strate- 
gies. Gene therapy approaches, targeting only the 
tumor cell population and therefore being more spe- 
cific than systemic chemotherapy, may result tn an 
improved therapeutic index with reduced systemic 
toxicity. The use of suicide genes such as HS V-tk has 



been evaluated in different tumor models (lp— 19). 
Prior efforts using retroviruses required transduction 
of tumor cells in vitro (15,16) or intratumoral inocula- 
tion of packaging cells (12). Compared to retrovi- 
ruses, recombinant adenoviruses have high vpral ti- 
ters, high transduction efficiencies in vivo, and 
apparent safety in clinical trials (30). Considering 
the application of adenovirus-mediated suicid? gene 
therapy to pancreatic cancer, we evaluated the effi- 
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cacy of Ad.RSV-tk in a syngeneic murine model. 
The syngeneic murine pancreatic cancer model was 
preferred to a nude mouse model, because the immu- 
nocompetencc of the host is considered to have an 
impact on the efficiency of HSV-tk and GCV treats 
ment (31). 

A high transduction efficiency was demonstrated 
in vitro using the adenovirus Ad.RSV-0Gal and sub- 
sequent X-Gal staining, with a resulting ED*, of 83 
m.ox and ED 95 of 480. Transduction with Ad.RSV- 
tk rendered pancreatic cancer cells highly sensitive 
to GCV, with 50% inhibition of proliferation at an 
m.o.i. of 3 and 90% inhibition at an m.o.i. of 30 in 
the presence of GCV. In the absence of GCV, 100- 
fold higher adenovirus concentrations are required 
to obtain the same effect on proliferation inhibition, 
due mainly to the basic adenoviral toxicity. At an 
m.o.i. of 3,000 proliferation is reduced to <10% of 
controls, with transgene expression at this m.o.i, dem- 
onstrated to be 100% using Ad.RSV-£Gai. 

The bystander effect (21,32) describes the prolifer- 
ation inhibition of nontransduced cells, caused by the 
transport of toxic metabolites via gap junctions from 
neighboring transduced cells. We demonstrated the 
bystander effect for HSV-tk-mediated GCV toxicity 
in this pancreatic cancer cell line. Mixing of 5% trans- 
duced cells with 95% nontransduced cells resulted in 
75% proliferation compared to nontransduced ceils. 
With only 10% transduced cells proliferation of the 
entire cell population was reduced to 50% over con- 
trols. The remaining proliferation of transduced cells 
can be explained by adenoviral incubation at an m.o.i. 
of 400 limited to 1 h t followed by extensive washing 
to avoid adenoviral contamination of the nontrans- 
duced cell portion. To exclude possible adenoviral 
transduction of the nontransduced ceil portion when 
mixed with transduced cells, adenoviral contamina- 
tion of the transduced cell suspension was determined 
using a plaque assay. Adenoviral contamination was 
<0.01 m.o.i. with no inhibition of PANC02 cell prolif- 
eration in the presence of GCV (Fig. 3). Therefore 
the effect of adenoviral contamination is negligible. 

Transduction efficiency, sensitivity to GCV after 
HSV-tk transduction, and the bystander effect made 
an approach promising to reduce significantly pre- 
formed intrahepatic PANC02 tumors, 

A murine model of hepatic metastasis of pancreatic 
cancer was established. The more complex hepatic 
tumor model rather than a subcutaneous model was 
used for two reasons; it more closely resembles the 
clinical problem in humans and it permits simultane- 
ous evaluation of treatment-related hepatotoxicity. 
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which could significantly reduce the treatment bene- 
fit. In fact, the dose of Ad.RSV-tk in combination 
with GCV administered to intrahepatic PANC02 tu- 
mors was limited to 1 x 10* p.f,U- due to severe 
hepatotoxicity and treatment-related mortality at 3- 
to 10-fold higher doses. In our hands t intrahepatic 
tumor cell injection generates tumors of relatively 
predictable growth rate and lethality that are accessi- 
ble for measurement and tumor volume quantifica- 
tion. We demonstrated highly significant regression 
of established hepatic pancreatic tumors transquced 
with noniethal doses of AcLRSV-tk in vivo and subse- 
quently treated with GCV over all control groups. 
Tumor regression was determined by a striking re- 
duction in tumor volume secondary to treatikient- 
induced necrosis. No hepatotoxicity or tumor gijowth 
inhibition was found using the adenoviral vjector 
alone. GCV in the absence of Ad.RSV-tk caused 
a slight, although not statistically significant tjumor 
volume reduction, possibly due to endogenous intra- 
tumorai tk expression (33,34). The results of this 
study illustrate the feasibility of suicide gene therapy 
as a potential adjuvant treatment for metastatic! pan- 
creatic cancer. While suicide gene therapy is; very 
effective in intrahepatic tumor debulking, long-term 
survival requires enhancement of the systemic im- 
mune response. A combination of this suicide gene 
approach with local cytokine expression (35-^7) is 
promising for the further investigation of therapeutic 
approaches to metastatic pancreatic cancer. 
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